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Introduction 43
Leaf Area Index (LAI), defined as half the total leaf area per unit ground surface 44 areas (Chen and Black, 1992) , is an important parameter of vegetation structure and 45 function (Abuelgasim et al., 2006) . LAI provides substantial information on the exchange 46 of energy, mass, and momentum flux between the Earth's surface and its atmosphere 47
Where X is DIV, NDVI, and RVI, respectively. is white noise residual. 159 RMA method is superior to traditional ordinary least squares regression when 160 both dependent (LAI in this study) and independent variables (DVI, NDVI, and RVI in 161 
Study Sites 170
Two cropland sites (AGRO and Plan-de-dieu sites) and two grassland sites 171 (Hulun Buir and Zhangbei sites) were used in this study. The AGRO site is from the 172 BigFoot project (http://www.fsl.orst.edu/larse/bigfoot/index.html), which is funded by 173 NASA'S Terrestrial Ecology Program (Morisette et al., 2006; Pisek and Chen, 2007) . 174
Nine validation sites are in the BigFoot project with each of them covering a 5 km × 5 km 175 extent (Morisette et al., 2006) . The field LAI values in the AGRO site were measured by 176 the allometric destructive method. The Hulun Buir site is one of the validation sites for 177 the GLASS LAI product, which is a newly released LAI product generated by Beijing 178
Normal University, China (Liang et al., 2014 (Baret et al., 2005) . The in situ LAI, TM/ETM+, and HRV data on the exact same 199 date were not available. Therefore the data on the closest dates were chosen. The detailed 200 information of the four sites is described in Table 1 System (LEDAPS) (Masek et al., 2006) . The two study areas, the AGRO and Hulun Buir 217 sites, were extracted using ENVI software (Figure 1) . The SPORT-HRV data with a 218 spatial resolution of 20 m over the Plan-de-dieu and Zhangbei sites were obtained from 219 the VALERI project (see the link in 3.1). Though they were geometrically corrected, no 220 atmospheric corrections were applied to the images since no atmospheric data were 221 available (Rossello, 2007 (Rossello, , 2008 . Rossello (2007) stated that atmospheric effects were 222 assumed to be the same over the whole 3 km × 3 km extent, since the SPOT images were 223 used to compute empirical relationships between reflectance and biophysical variables. 
NIR is reflectance of near infrared band and R is reflectance of red band. 235
The scatter plots of DVI, NDVI, and RVI with the in situ LAI measurements at 236 the four study sites are shown in Figure 2 . At the AGRO site, DVI, NDVI, and RVI of the 237 corn and soybean crop types have apparent boundaries. This study thus established the 238 GR and RMA models for these two crop types, respectively. The land cover data from 239 the BigFoot project was used to distinguish the corn and soybean over the AGRO site 240 (Table 1) . As the Hulun Buir covered around 896 km 2 , which may include other types of 241 vegetation (e.g., forest), the land cover data used in this study to mask the non-grassland 242 regions was provided by Tsinghua University (Table 1) Plan-de-dieu, Hulun Buir, and Zhangbei sites. 247 248
The total in situ LAI measurements for the AGRO, Plan-de-dieu, Hulun Buir, and 249
Zhangbei sites are 98, 26, 51, and 42, respectively. This study randomly selected around 250 65% of the LAI points to establish and specify the GR and RMA models. The 35% of the 251 LAI points were used to validate the results. This was repeated another five times for the 252 GR models, in order to cross validate the robustness of performance of the models. 
Spatial covariance models 258
As stated in 2.1, the residuals for Equation (1) were assumed to be second-order 259 stationary with zero-mean, we calculated the experimental isotropic covariance of the 260 residuals using least square method (Li et al., 2013b). The experimental covariances were 261 modeled with exponential functions. The parameters of exponential functions were 262 obtained through RML method. Table 2 Zhangbei grassland sites ranges from 0.53 to 0.61, 0.63 to 0.69, respectively. In contrast 302 to the cropland sites (i.e., the AGRO and Plan-de-dieu sites), the R 2 values of DVI models 303 over the two grassland sites are the lowest. Excepting for Zhangbei site, the R 2 values are 304 not high, which maybe because of the poor relationships between DVI, NDVI, and RVI 305 and original in situ LAI values (Figure 2) . However, the GR models with DVI perform 306 best over the two cropland sites, while for the two grassland sites, the GR models with 307 DVI have the poorest performance. 308 
Estimating and validating the reference LAI maps based on GR models 311
Figure 4 presents the reference LAI maps estimated by the GR models based on 312 Table 3 . The validation results are shown in Figure 5 and Table 4 . Most of the R 2 values 313 in Table 4 are nearly equal to the R 2 values in Table 3 , which indicates that the GR 314 models are robust. However, some GR models may not be robust (e.g., GR model with 315 DVI for corn at the AGRO site). We discuss the problem in detail at the end of this 316 section. As mentioned in section 4.2, the low R 2 values for GR models at the AGRO, 317
Plan-de-dieu, and Hulun Buir sites may be due to the poor relationships of DVI, NDVI, 318
and RVI with in situ LAI observations. For example, there is one very low in situ LAI 319 observation at the AGRO (corn) and Plan-die-dieu sites, and one very high in situ LAI 320 observation at the Hulun Buir site. These abnormal in situ LAI observations may be 321 owing to measurement errors. Regardless, the R 2 values show the same pattern as that in 322 the value of absolute bias for the AGRO (corn) site is lowest based on DVI, while for the 332 AGRO (soybean) site, the value of absolute bias is lowest based on RVI. In summary, the 333 GR models based on DVI have the best estimations for the two cropland sites, while for 334 the two grassland sites, the GR models based on DVI perform poorly. 335 Figure 6 shows the results of cross validation. The blue bar is the μRMSE of the 356 five repetitions for each GR model, the black error bar is μRMSE ± σRMSE (σRMSE is the 357 standard deviation) of the five repetitions for each GR model, and the brown square is the 358 RMSE value from Table 4 . In comparison to the μRMSE in Figure 6 , most of the RMSE 359 values in Table 4 are nearly within [μRMSE -σRMSE, μRMSE + σRMSE], which indicates that 360 the GR models are robust. The RMSE value of the GR model for DVI at the AGRO 361 (corn) site slightly exceeds the upper limits of the error bar (μRMSE + σRMSE), which 362
confirms that the GR model with DVI for corn at the AGRO site is not robust. This is 363 
Comparing the results of GR and RMA models 370
For robust assessment of the performance of the GR models, the results from the 371 GR and RMA models were compared. Based on equation (5), the high resolution 372 reference LAI maps estimated by the RMA model are depicted in Figure 7 . The 373 validation results are displayed in Figure 8 and Table 4 . In terms of R 2 , the GR models 374
have identical values with the RMA models at the four study sites. The RMSE values for 375 the GR models are lower than the RMA models for all of the sites, which may due to the 376 consideration of spatial correlations of regression residuals. The GR models have lower 377 biases than the RMA models, excluding the GR models with NDVI and RVI at the 378 AGRO (corn) site. In summation, the GR models improve the accuracy of reference LAI 379 maps compared to the RMA models. 380
In addition, the GR and RMA models had consistent performance at cropland and 381 grassland sites. Both GR and RMA models have the best estimating ability based on DVI 382 at the cropland sites (AGRO and Plan-de-dieu sites), while the GR and RMA models 383 perform poorly based on DVI at the grassland sites (Hulun Buir and Zhangbei sites). and RVI data, this study reveals that the performance of the GR models is better than the 416 RMA models in terms of RMSE and bias. 417
In summary, the GR method inherits the merits from both traditional geostatistical 418 methods and regression methods. Compared to regression methods (e.g., RMA), the GR 419 method is improved in accounting for the spatial/temporal correlation of residuals from 420 the regressions of LAI observations and high resolution remote sensing data (e.g., DVI, 421 NDVI and RVI data in this study). In contrast to traditional geostatistcal methods (e.g., 422
Kriging), the GR method attempts to provide better estimating of unknown points by 423 exploring the association between high resolution remote sensing data and field 424 observations. Our study confirmed the performance of the GR models is better than the 425 RMA models in terms of RMSE and bias, which indicates the potential of GR method to 426 up-scale other in situ biophysical and geophysical measurements (e.g., fAPAR and soil 427 moisture) to high resolution reference data to validate other coarse resolution products. 
